A thermodynamic model in Aspen Plus ® was developed to predict properties of piperazine (PZ)/H 2 O and PZ/H 2 O/CO 2 . A sequential regression was performed to represent recently acquired loaded and unloaded heat capacity, CO 2 solubility, CO 2 activity coefficient, speciation, and unloaded and loaded amine volatility data. The resulting model is able to predict each of these properties over operationally significant loading and temperature ranges (0.20-0.40 mol CO 2 /mol alkalinity and 40 o C-160 o C). The predicted heat of absorption for 8 m PZ solution at 0.35 mol CO 2 /mol alkalinity between 40 o C and 160 o C was 65±4 kJ/mol CO 2 . The temperature dependence of the heat of absorption was predicted using three analytical methods, each of which predicted different trends but similar ranges between 40 o C and 160 o C. The sequential regression methodology has also been applied to methyl-diethanolamine (MDEA) and MDEA/PZ. Ultimately this thermodynamic model will be modified in Aspen Plus ® to predict kinetic and transport data as well, and the resulting model will be used to design and optimize a post-combustion absorption/stripping process.
Introduction
This work focuses on the development of a piperazine (PZ) thermodynamic model in Aspen Plus ® for the evaluation and optimization of a post-combustion absorber/stripper. Previous studies have modeled PZ thermodynamics, but each attempt has been limited by either a lack of available experimental data or the modeling methods employed. Several of these modeling methods introduce thermodynamic inconsistencies, which can lead to conflicting or inaccurate predictions. FORTRAN models developed by Bishnoi [1] and Cullinane [2] calculated equilibrium constants using a polynomial expression rather than thermodynamically significant quantities such as Gibbs free energies of formation ('G o f ), enthalpies of formation ('H o f ), and heat capacities (C P o ). This introduces a thermodynamic inconsistency when calculating quantities such as heat capacities and heats of absorption, which share a fundamental interdependence with speciation. Activity-based PZ/H 2 O and PZ/H 2 O/CO 2 models developed by Hilliard [3] and Dugas [4] in Aspen Plus ® do not have this inconsistency, but these models only consider PZ concentrations at or below 5m. This model accurately predicts recently acquired experimental data for CO 2 solubility, PZ volatility, heat capacity, activity coefficient of CO 2 , and speciation over operationally significant temperature, loading, and amine concentration ranges using thermodynamically consistent methods. This model will be identified as 5deMayo version 1.
Methods and Theory

PZ/H 2 O Regression
Unloaded amine volatility and heat capacity data was fit by adjusting PZ heat capacity, infinite dilution activity coefficient of PZ in H 2 O, and Henry's constant of PZ in H 2 O. Modeling PZ as a Henry's component provides a better set of handles for fitting PZ volatility. Even though a plant will never operate with unloaded PZ it is important to fix the model predictions at these conditions to avoid extreme or inexplicable behavior, which could indirectly affect the ability to fit data within the operational loading range. All parameters concerning the PZ/H 2 O were held constant during all subsequent regressions.
PZ/H 2 O/CO 2 Regression
There are two equations that may be used to calculate equilibrium constants in Aspen Plus ® : (1) a temperaturedependent polynomial and (2) 
The major advantage of using Equation 2 is that it maintains thermodynamic consistency between speciation and properties calculated directly from speciation. Equation 2 will always be used in this study. Before regressing CO 2 solubility and loaded heat capacity data, the pKa of PZ from 20 o C to 80 o C was fit by adjusting the 'G o f , 'H o f , and C P o of PZH + . The pKa values in the literature [5] had to be converted from a symmetric to an asymmetric activity coefficient reference state. The method for accomplishing this conversion can be found in Hilliard [3] .
With these values held constant, CO 2 solubility and heat capacity data for 2 m to 12 m PZ between 40 o C and 160 o C were regressed by adjusting 'G o f , 'H o f , and C P o , for PZCOO -, PZ(COO) 2 2-, and H + PZCOO -, as well as activity coefficients for all true species. Because Aspen Plus ® cannot model zwitterions, H + PZCOOwas treated as a Henry's component with a Henry's constant on the order of 10 -9 . Previous studies [3] have treated H + PZCOOas a cation with a charge of 10 -5 , but this led to two major problems: (1) a significant charge imbalance as the concentration of H + PZCOOincreased rapidly at high loadings and (2) a constant activity coefficient of 1. Treating H + PZCOOas a Henry's component corrects these errors by giving it a zero charge.
CO 2 Activity Coefficient Regression
Aspen Plus ® cannot directly regress activity coefficients. A user-supplied subroutine had to be used to adjust parameters and incorporate them into the model. The experimental data used was for an 8 m PZ solution between 25 o C and 60 o C at loadings of 0.25 and 0.40 mol CO 2 /mol alkalinity. Because the concentration of free CO 2 in the liquid phase is so low, adjusting the activity coefficient of CO 2 did not affect the model predictions for other PZ/H 2 O/CO 2 data sets. 
Calculating Heat of Absorption
There are three methods for calculating the heat of absorption of CO 2: (1) applying the Gibbs-Helmholtz equation to CO 2 solubility curves, (2) calculating heat duty when CO 2 is absorbed in an Aspen Plus ® flash block, and (3) integrating the change in the partial heat capacity of CO 2 from a reference temperature with a known heat of absorption to another temperature of interest. Equation 4 is the Gibbs-Helmholtz equation. , which is derived from the mass and energy balance depicted in Figure 1 . Because it must always be referenced to another value for the heat of absorption, Method 3 can only be used to determine temperature dependence. For this study, the heat of absorption at 80 o C predicted by the Gibbs Helmholtz Method 1 will be used as the reference point for Method 3. [4] , and data between 120 o C and 160 o C were collected by Xu [6] . Figure 1 suggests that the solubility of CO 2 in PZ is a strong function of temperature and loading, and it is a weak function of amine concentration. This result is expected with solvents such as PZ, which produce large amounts of carbamate throughout operationally significant loading ranges [4] . Figure 3 compares Aspen Plus ® predictions and experimental points [7] for 8 m PZ heat capacity between 40 o C and 150 o C at loadings of 0.21, 0.29, and 0.40 mol CO 2 /mol alkalinity. Solution heat capacity tends to increase with temperature and decrease with loading. The increase with temperature may be attributed to La Chatelier's principle, which states that a system in equilibrium will shift to counteract any imposed change in temperature, partial pressure, volume, or concentration until equilibrium is re-established. By increasing its heat capacity, the solution is more resistant to temperature changes. 
Results and Discussion
ldg
The parameters used to regress the PZ/H 2 O and PZ/H 2 O/CO 2 data can be found in Table 1 . The final speciation result is shown in Figure 4 . Because proton NMR is unable to distinguish between a species and its protonated counterpart (i.e. PZ vs. PZH + , PZCOOvs. H + PZCOO -), only the concentrations of PZ(COO) 2 2and HCO 3 were known with any precision. Those concentrations are represented by the two points at a loading of 0.4 [8] . These measurements were made with C 13 and proton NMR of 8 m PZ loaded with C 13 O 2 at 40 o C. Figure 7 compares the Aspen Plus ® predictions and experimental points [9] for the activity coefficient of CO 2 in loaded 8 m PZ. Just as with MDEA [10] , the activity coefficient of CO 2 increases with loading and decreases with temperature. Both of these trends may be attributed to the effects of temperature and loading on the ideality of the liquid phase. Aspentech supplied a FORTRAN subroutine for the regression of CO 2 activity coefficients. Figure 8 compares the Aspen Plus ® predictions and experimental data for loaded [7] and unloaded [11] 8 m PZ volatility between 40 o C and 60 o C. As the loading approaches 0.5 the volatility drops off rapidly for all temperatures. This trend is easily understood after examining Figure 4 . According to stoichiometry, in the absence of HCO 3 and CO 3 2production all of the PZ will be consumed at a loading of 0.5. Both Aspen Plus ® predictions and NMR data suggest that HCO 3 and CO 3 2- are only present at small concentrations. Therefore, the drop in PZ partial pressure can be directly attributed to the depletion of free PZ. 
Conclusions
Heat capacity, CO 2 solubility, loaded and unloaded amine volatility, speciation, and CO 2 activity coefficient data were incorporated into Aspen Plus ® for solutions of 2-12 m PZ. The model adequately predicts each of these quantities over operationally significant loading and temperature ranges (0.20-0.40 and 40 o C-160 o C temperature and loading, and it is a weak function of amine concentration. The discrepancy between the Gibbs-Helmholtz and calorimetric heat of absorption predictions has been minimized by using thermodynamically consistent methodology. Predicted values for the heat of absorption between 40 o C and 160 o C suggest that the heat of absorption is approximately 65±4 kJ/mol CO 2 at a loading of 0.35 over that temperature range. The same sequential regression methodology used to construct this model can be and has been applied to other amines.
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